The ability to comprehensively profile proteins in intact tissues in situ is crucial for our 3 understanding of health and disease. However, the existing methods suffer from low 4 sensitivity and limited sample throughput. To address these issues, here we present a 5 highly sensitive and multiplexed in situ protein analysis approach using cleavable 6 fluorescent tyramide and off-the-shelf antibodies. Compared with the current methods, this 7 approach enhances the detection sensitivity and reduces the imaging time by 1-2 orders of 8 magnitude, and can potentially detect hundreds of proteins in intact tissues at the optical 9 resolution. Applying this approach, we studied protein expression heterogeneity in a 10 population of genetically identical cells, and performed protein expression correlation 11 analysis to identify coregulated proteins. We also profiled >6000 neurons in a human 12 formalin-fixed paraffin-embedded (FFPE) hippocampus tissue. By partitioning these 13 neurons into varied cell clusters based on their multiplexed protein expression profiles, we 14 observed different subregions of the hippocampus consist of neurons from distinct 15 clusters. 16 17 18 19 Comprehensive protein profiling in individual cells of intact tissues in situ holds great 1 promise to unlock major mysteries in neuroscience, cancer and stem cell biology 1 , since it 2 can reveal the spatial organization, gene expression regulation, and interactions of the 3 diverse cell types in complex multicellular organisms. Mass spectrometry 2 and microarray 4 technologies 3 have been widely used for proteomics analysis. However, as these 5 approaches are carried out on extracted and purified proteins from populations of cells, 6 they lose the protein location information and conceal the single-cell expression variations 7 in the sample. Fluorescence microscopy is a powerful tool to study protein expressions in 8 individual cells in their native spatial contexts. However, due to the spectral overlap of 9 organic fluorophores 4-6 and fluorescent proteins 7, 8 , conventional protein imaging 10 technologies only allow a handful of proteins to be detected in one specimen. 11 12
To enable multiplexed single-cell protein analysis, a number of methods have been 13
explored recently, such as mass cytometry 9 , single cell barcode chips [10] [11] [12] , and DNA-14 antibody barcoded arrays 13 . Nonetheless, as protein spatial complexity are masked in these 15 approaches, they can not be applied to profile proteins in intact tissues in situ 14 . Synthesis of CFT (tyramide-N3-Cy5) ( Figure 1B ) was carried out by coupling of tyramine 28 and the Cy5 conjugated cleavable linker (Scheme S1). After purified by high performance 29 liquid chromatography (HPLC), the prepared CFT was characterized by mass spectrometry 30 and nuclear magnetic resonance (NMR) spectroscopy. The detailed synthesis and 31 characterization of CFT is described in the supporting information. 32 33
Significantly enhanced detection sensitivity 34
We next assessed the detection sensitivity of our approach by comparing it with direct and 35 indirect immunofluorescence, which have similar sensitivity to the current multiplexed in 36 situ protein profiling approaches 14 . Applying conventional immunofluorescence methods, 37
we stained protein Ki67 in HeLa cells with Cy5 labeled primary antibodies (Figure 2A) , and 38 unlabeled primary antibodies together with Cy5 labeled secondary antibodies ( Figure 2B ). 39
Using our approach, protein Ki67 was stained with unlabeled primary antibodies and HRP 40 conjugated secondary antibodies along with tyramide-N3-Cy5 ( Figure 2C ). With primary 41
antibodies of the same concentration, our method is ~88 and ~35 times more sensitive 42 than direct and indirect immunofluorescence, respectively ( Figure 2D ). Additionally, the 43 staining resolution of the three methods closely resembles each other (Figure 2A -C). These 44 results suggest that HRP can still recognize CFT as a good substrate and the incorporation 45 of the cleavable linker into CFT does not interfere with the diffusion of the CFT radical. 1
More importantly, the extremely high sensitivity of our approach enables the quantitative 2 in situ analysis of low-abundance proteins, which could be undetectable by the reported 3 methods. Moreover, by reducing the imaging time by 1-2 orders of magnitude, our method 4 allows a large number of individual cells to be profiled in a short time, which leads to the 5 dramatically improved sample throughput and minimized assay time. 6 7 Efficient fluorophore cleavage without loss of protein antigeneity 8
We next explored whether the fluorophores can be efficiently cleaved while maintaining 9 the protein antigenicity. To search for this ideal cleavage condition, we stained protein 10 Ki67 in HeLa cells using HRP conjugated antibodies and tyramide-N3-Cy5, and evaluated 11 the fluorophore cleavage efficiencies at different temperature. After incubating with tris(2-12 carboxyethyl)phosphine (TCEP) at 37°C, 50°C and 65°C for 30 minutes, over 85%, 90% and 13 95% of the staining signals were removed, respectively ( Figure S1 ). intensities compared to the control cells ( Figure S2 ). We then studied the fluorophore 20 cleavage kinetics at 50°C by incubating the stained cells with TCEP for 5, 15, 30 and 60 21 minutes. Among these conditions, 30 minutes is the minimum cleavage time required to 22 achieve the maximum cleavage efficiency ( Figure S3 ). These results indicate that the 23 fluorescence signals generated by staining with CFT can be efficiently removed by the TCEP 24 treatment at 50°C for 30 minutes, and this condition preserves the protein antigenicity. 25 26
Simultaneous fluorophore cleavage and HRP activation 27
Another critical requirement for the success of this approach is that HRP needs to be 28 deactivated at the end of each analysis cycle, so that it will not generate false positive 29 signals in the next cycle. To explore whether TCEP can deactivate HRP and cleave 30 fluorophores simultaneously, we stained proteins ILF3 ( Figure 3A ), HMGB1, HDAC2, 31 TDP43, PABPN1, hnRNP A1, Nucleolin, H4K16ac, hnRNP K and Nucleophosmin ( Figure S4 ) 32 in HeLa cells using HRP conjugated antibodies and tyramide-N3-Cy5. After TCEP incubation 33 at 50°C for 30 minutes, the fluorescence signals were efficiently removed, yielding the 34 on/off ratios of over 10:1 ( Figure 3B ,D,S4). We then incubated the cells with tyramide-N3-35
Cy5 again. For all the proteins under study, no further fluorescence signal increases were 36 observed ( Figure 3C ,D,S4 tyramide-N3-Cy5 in the same set of cells (Figure 4 ). We also stained these 10 protein 46 targets in 10 different sets of cells by conventional tyramide signal amplification (TSA) 1 assays using Cy5 labeled tyramide ( Figure S5 ). The protein distribution patterns obtained 2 by the two methods are consistent with each other. We also compared the mean protein 3 abundances per cell measured by our CFT-based approach and conventional 4 immunofluorescence with TSA. For all the 10 proteins with varied expression levels, the 5 results obtained using the two methods closely resemble each other ( Figure 5A ). 6
Comparison of the two sets of results yields an R 2 value of 0.99 with a slope of 1.13 ( Figure  7 5B). These results indicate that our approach allows quantitative and multiplexed protein 8 profiling in individual cells in situ. 9 10
Protein expression heterogeneity and correlation 11 As shown in many experiments, genetically identical cells can exhibit significant gene 12 expression variations among individual cells [30] [31] [32] [33] [34] [35] [36] . To explore such cell-to-cell protein 13 expression heterogeneity in HeLa cells, we analyzed the distribution of the single-cell 14 protein expression levels. As shown in Figure 6A , the single-cell protein abundances are 15 distributed in a wide range. This significant expression heterogeneity results in the 16 relatively large error bars in Figure 5 . For all the ten measured proteins, the square of the 17 expression standard deviation is much higher than the mean expression levels ( Figure 6A ). 18 These results suggest that these proteins are generated in translational bursts, rather than 19 at a constant rate 37 approach, we studied the pairwise expression correlation of the ten measured proteins 29 ( Figure S6) , and calculated the correlation coefficient of each protein pair ( Figure 6B ).
30
Some of protein pairs show highly correlated covariation with correlation coefficients of 31 ~0.8, such as TDP43 and hnRNP A1 along with Nucleolin and Nucleophosmin. To further 32 explore the regulatory network among the measured proteins, we adopted a hierarchical 33 clustering approach 39 ( Figure 6B ). On the generated cluster tree, we identified a group of 34 eight proteins with substantially correlated expression patterns ( Figure 6B To explore the human neuronal heterogeneity by multiplexed in suit protein profiling and 7 also to assess the feasibility of applying CFT for analyzing FFPE tissues, we stained 8 8 proteins sequentially in the human hippocampus using HRP conjugated antibodies and 9 tyramide-N3-Cy5. Of the 8 proteins, NeuN was selected as the neuronal marker 51 , and 10 PABPN1, HMGB1, TDP43, hnRNP A1, hnRNP K, ILF3 along with Nucleophosmin were 11 selected as the components of the transcriptional regulation and processing 12 pathways 41, 42, [44] [45] [46] [47] 52 . Due to the high sensitivity of our approach, the imaging exposure time 13
can be minimized without compromising the analysis accuracy. As a result, the whole 14 tissue (~1 cm × 1 cm) was imaged within 30 minutes in each cycle. With 8 reiterative 15 staining cycles, all the proteins of interest were successfully detected in the tissue ( Figure  16 7). These results suggest that our approach enables multiplexed single-cell in situ protein 17 profiling in FFPE tissues with high sample throughput and short assay time.
19
Human neuronal heterogeneity and their spatial organization in the hippocampus 20
With the multiplexed single-cell in situ protein profiling results, we explored the neuronal 21 heterogeneity and their spatial organization in the human hippocampus. In the examined 22 tissue, we calculated the protein expression levels in >6000 individual neurons, which 23 were identified by the neuronal marker NeuN 51 . We then applied the software viSNE 53 to 24 partition the individual neurons into 10 clusters ( Figure 8A ) based on their protein 25 expression profiles (Figure 9 ,S7). By mapping these 10 clusters of cells back to their natural 26 locations in the tissue ( Figure 8B ,S8,S9), we observed that different subregions of the 27 hippocampus consist of neurons from distinct clusters. For example, the dentate gyrus 28 (DG) contains all the clusters except cluster 7, while the Cornu Ammonis (CA) fields are 29 dominated by clusters 3, 6, 7, and 8. Within the CA fields, cluster 7 only appears in CA1, CA2 30 and CA3, but not in CA4 ( Figure 10A ). In the DG, cluster 2 is the major cell class in the 31 regions of interest (ROI) 1-5. In contrast, other subregions of the DG are mainly composed 32 of clusters 1, 3, 4, 9 and 10 ( Figure 10B ). These results suggest that our approach allows 33 the investigation of the different cell type compositions and their spatial organizations in 34 FFPE tissues. 35 36
Discussion

37
In this study, we have designed and synthesized cleavable fluorescent tyramide, and 38 applied it for multiplexed protein profiling in single cells of FFPE tissues in situ. Compared 39 with the existing multiplexed protein imaging technologies, our approach has enhanced the 40 detection sensitivity by 1-2 orders of magnitude. Additionally, by minimizing the imaging 41 time and avoiding the pixel-by-pixel data acquisition, our method enables the whole-slide 42 scanning within 30 minutes, which dramatically increases the sample throughput and 43 reduces the assay time. Applying our approach, we have shown that different subregions of 44 the human hippocampus consist of varied neuron clusters. Interestingly, these distinct 45 clusters are defined only on the basis of the protein expression profiles, without 1 incorporating the cellular spatial information into the clustering algorithm. These results 2 suggest that the varied activity patterns and different microenvironment may contribute to 3 the neuronal heterogeneity in the human hippocampus. 4 5
The multiplexing capacity of our in situ protein profiling approach depends on two factors: 6 the cycling number and the number of proteins interrogated in each cycle. TCEP can 7 efficiently remove the fluorophores within 30 minutes, while the antigenicity of protein 8 targets is preserved after incubation with TCEP for more than 24 hours. These results 9 suggest that at least ~50 cycles can be carried out in one specimen. Coupled with the 10 various established antibody stripping methods 54 or HRP inactivation methods 55 , our 11 approach will enable four or five different protein targets to be profiled in each analysis 12 cycle using CFT with distinct fluorophores ( Figure S10 ). Therefore, we envision that this 13
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